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Abstract 

The Department of Defense (DoD) maintains a large array of road net-
works that include vehicular bridges. Moving people, materials, and equip-
ment is critical to the DoD mission. Many of these bridges are in dire need 
of major repairs or replacement due to corrosion and material degrada-
tion. The application of corrosion-resistant technology can extend the ser-
vice life of bridges and reduce maintenance costs. This DoD Corrosion 
Prevention and Control Program project demonstrated and validated the 
performance characteristics of the fiber-reinforced polymer (FRP) compo-
site, three-dimensional Gridform product for reinforcing concrete bridge 
decks that was designed to solve many of the installation and life-cycle 
problems associated with steel-reinforced bridge decks. The Gridform 
technology replaced the existing steel-reinforced concrete deck on one 
span of Bridge No. 4 at Fort Knox, Kentucky. The newly replaced span’s 
performance was compared to a second span that was newly replaced with 
a concrete deck using traditional steel rebar reinforcement. Structural test-
ing and corrosion monitoring and analysis of the bridge was performed. 
Results show that using Gridform technology could provide needed load 
capacity and improved corrosion protection for DoD bridges, while main-
taining structural capability. The technology’s return on investment (ROI) 
is 10.31. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products. All 
product names and trademarks cited are the property of their respective owners. The findings of this report are not to be 
construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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gallons (U.S. liquid) 3.785412 E-03 cubic meters 

in. 0.0254 meters 

mils 0.0254 millimeters 

square feet 0.09290304 square meters 
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1 Introduction 

1.1 Problem statement 

The Army has installations around the world, and many of these have 
bridges as a significant part of their infrastructure. These bridges, like 
those in our national highway system, are experiencing significant deterio-
ration from corrosion of the steel structures and/or the steel reinforce-
ment in the concrete. Federal Highway Administration (FHWA) Report 
RD-01-156 (Koch et al. 2002) states that approximately one-quarter of the 
direct cost of corrosion of bridges is made up of maintenance and capital 
costs for steel reinforcement. Maintaining serviceable bridges is essential 
to providing access to the facilities on the post and to remote training ar-
eas that would otherwise be in accessible due to rivers, streams, trains, 
roads, and other geographical obstacles to transportation. Thus the cost 
for maintenance and replacement of bridge infrastructure has a big impact 
on the Army and its operations. 

The current technology employed in the existing bridge infrastructure typ-
ically has a 50-year design life; however, according to the Illinois and New 
York state departments of transportation—two states where road salts are 
used extensively for deicing—the average service life of a steel-reinforced 
concrete bridge deck is 25 years. (Hastak, Halpin, and Hong 2004). The 
inventory for the Army’s bridge safety program shows that more than 8o% 
of its bridges are standard steel, concrete or steel and concrete construc-
tion (Dean 2008). Bridges are exposed to all the climate conditions as well 
as heavy industrial contaminates. Bridges are exposed to all climate condi-
tions and often are exposed to heavy industrial contaminates as well. Both 
design and construction experience show that this exposure is currently an 
added problem for corrosion because it results in cracking and spalling of 
concrete beams and corrosion of steel beams. In addition, bridges located 
in northern regions are frequently exposed to deicing salts in winter 
weather, and in coastal areas, they are exposed to splash zone sea water—
both conditions accelerate corrosion problems. 

New technologies employing corrosion-resistant composite materials are 
still under development and evaluation as replacements for steel and con-
crete. The validation and implementation of these technologies will allow 
Department of Defense (DoD) installations to utilize them for replacing or 
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rehabilitating corroding bridge structures. Use of the new technologies 
could reduce maintenance costs, sustain the mission, and prevent prema-
ture failure of infrastructure. 

This DoD Corrosion Prevention and Control (CPC)-funded project was a 
collaboration between the Engineer Research and Development Center–
Construction Engineering Research Laboratory (ERDC-CERL) and the 
Fort Knox Directorate of Public Works (DPW). The Fort Knox DPW has an 
ongoing initiative to replace or rehabilitate bridges throughout the instal-
lation’s vast training range that are severely corroded. Fort Knox is a train-
ing base for the Army’s mobile armor combat, and its bridges must carry 
some of the Army’s heaviest vehicles. These vehicles include the M1A1 
Abrams Battle Tank, M2A3 Bradley, and Heavy Equipment Transporter 
(HET). When carrying the M1A1, a HET has a combined weight of at least 
105 tons. The HETS and M1A1 were used in the second load test of the 
bridge to validate the ability of the grid reinforced concrete deck to per-
form to those demanding requirements. 

Bridge No. 4 (Figure 1) in the Fort Knox training range was one of the 
bridges scheduled for rehabilitation of its corroded support beams and de-
teriorating bridge deck. With Bridge No. 4 having two spans, it was an ex-
cellent candidate for concurrent demonstrations of a hybrid-composite 
beam (HCB) and the grid composite deck reinforcement technologies.  

Figure 1. Bridge No. 4 at Fort Knox. 
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1.2 Objective 

The objective of this project was to demonstrate and validate the perfor-
mance characteristics of a commercially available fiber-reinforced polymer 
(FRP) composite grid element as an alternative to conventional steel bar 
as the reinforcing material in concrete bridge decks.  

1.3 Approach 

The selected demonstration structure was Bridge No. 4, a two-span bridge 
on the training range at Fort Knox where the support beams and bridge 
deck were scheduled for replacement. This bridge served as the site for two 
separately funded but concurrent CPC projects—the one documented in 
this report and Project F12-AR15, documented in ERDC/CERL TR-16-22 
(Sweeney et al. 2016). The demonstration documented here involves the 
use of composite-gridform concrete-reinforcement technology 
(GRIDFORM) 1 for use as a bridge deck supported by conventional steel 
beams. The other span of the bridge (used in Project F12-AR15) demon-
strated HCBs on one span of the bridge to support a standard steel-rein-
forced concrete deck.  

After demolition of Bridge No. 4 deck and support beams, the bridge was 
then restored utilizing the new technologies to demonstrate their capabili-
ties. Sensors were installed to evaluate corrosion rates on the new bridge 
structure, and load tests were performed to assess the structural perfor-
mance of the new bridge technologies.  

1.4 Metrics 

The corrosion potential of the site was determined using the combination 
of exposed atmospheric coupons, collected weather data and embedded 
corrosion sensors. The atmospheric coupon rack was built and tested in 
accordance with ASTM G1-03 “Standard Practice for Preparing, Cleaning 
and Evaluating Corrosion Test Specimens” with the exception of the silver 
coupons. The silver coupons were tested in accordance with ASTM B825, 
“Standard Test Method for Coulometric Reduction of Surface Films on 
Metallic Tests.” The results from testing the atmospheric coupons and the 
collected weather data were analyzed using ISO 9223:2012, “Corrosion of 

                                                                 

1 GRIDFORM (appearing in this report as Gridform) is a registered trademark of the Strongwell Corpora-
tion of Bristol, Virginia.  
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Metal and Alloys – Corrosivity of Atmospheres – Classification, Determi-
nation and Estimation.” A summary of the results of the analysis are pro-
vided in section 3.1.1. Details of the corrosion potential analysis are 
presented in Appendix B of this report. 

Ease of installation was also observed during construction, and empirical 
information collected from the construction contractor.  

Bridge load tests were conducted immediately after construction and one 
year after construction to ensure that the composite-gridform concrete-re-
inforcement technology meets the original design requirements. 
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2 Technical Investigation 

2.1 Technology overview 

A Gridform bridge deck system is designed to replace steel rebar in rein-
forced concrete bridge decks. Gridform consists of two layers of pultruded 
grating members that are separated by FRP shear connectors with nylon 
bolts. The grating is formed from I-shaped cross-sections (called I-bars) 
that are situated in the lengthwise direction 4 in. on center, with cross rods 
in the perpendicular direction also on 4 in. spacing. Gridform also has a 
1/8 in. pultruded FRP plate bonded to the bottom grating layer that cre-
ates a stay-in-place concrete form which simplifies installation and re-
duces construction time (Figure 2; Bank, Olivia, and Brunton 2011).  

Figure 2. Section of the 3-D Gridform reinforcement. 

 

Gridform was designed to solve many of the installation and life-cycle 
problems associated with steel-reinforced bridge decks. This lightweight, 
high-strength system eliminates time-consuming and labor-intensive steps 
such as setting forms and tying rebar (Bank, Oliva, and Brunton 2011). Ob-
served failure loads from manufacturer laboratory testing are listed in Ta-
ble 1. 
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Table 1. Manufacturer’s laboratory test results for FRP 
I-bar concrete bridge deck panels (Strongwell Corp.). 

 

2.2 Field work 

Bridge No. 4 is an 82 ft long bridge divided into two spans (see Engineer-
ing drawings in Appendix A). The south-facing span’s deck was replaced 
with the FRP I-bar reinforcement on top of conventional steel girders, and 
the north-facing span was replaced with conventional rebar reinforcement 
deck on top of HCBs.  

The FRP reinforcement sections were delivered to the site precut by the 
manufacturer (approximately 4 x 27 ft) to fit the dimensions of the bridge, 
with each layer on each section offset to create a splice joint (Figure 3). 
The two end sections did not contain the layer offset. Figure 4–Figure 6 
depict different views of section installation, showing that only one crane 
lift is needed for placement. Once the sections were lowered onto the 
beams, the sections could be manipulated into position by hand. Ten sec-
tions were installed in the 38.5 ft span. The FRP reinforcement was fas-
tened to the longitudinal steel beams by sandwiching two FRP blocks 
around the steel beam top flange and the bottom layer FRP I-bars, com-
pressed by stainless-steel bolts, as shown in Figure 8 and Figure 9. Con-
crete was poured onto the deck using a conventional concrete truck and 
pump, followed by a concrete vibrator and hand spreading concrete over 
the FRP reinforcement (Figure 10–Figure 11). 

Flexure, 
ACI 440 
(kips)

Punching 
Shear, UW-
Madison 

(kips)

Flexural 
Shear, 
ACI 318 
(kips)

1-1/2" I-bars at 4" o.c.,
1/2" dia cross rods at 4" o.c.
1-1/2" I-bars at 4" o.c.,
1/2" dia cross rods at 4" o.c.
1-1/2" I-bars at 4" o.c.,
1/2" dia cross rods at 4" o.c.
1-1/2" I-bars at 4" o.c.,
1/2" dia cross rods at 4" o.c.
1-1/2" I-bars at 4" o.c.,
1/2" dia cross rods at 4" o.c.
1-1/2" I-bars at 4" o.c.,
1/2" dia cross rods at 4" o.c.
2" T-bars at 4" o.c.,
1/2" dia cross rods at 4" o.c. 115.7

141.8 109.4

8" 8'-6" 9'-6" 8'-8" 4630 101.9 114.2 140.1

121.9 158.3 121

8" 8'-6" 9'-6" 8'-8" 4652 89.8 107.2

8" 7'-6" 8'-6" 7'-8" 6854 107.6

120.6

8" 6'-6" 7'-6" 6'-6" 5507 94.7 121.7 129.5 121.8

127.6 119.3

8" 6'-6" 7'-6" 6'-6" 5343 93.5 120.5 127.5

125

Slab 
Length

8'-0"

8" 6'-6" 7'-6" 6'-6" 5347 86 119.5

Predicted Failure Loads
Tested 
Failure 
Loads 
(kips)

7.625" 6'-4" 7'-0" 4350 97.3 115.3 122.2

FRP I-bar Size and Spacing
Slab 

Depth
Slab 
Span

Slab 
Width

Concrete 
Compressive 
Strength, f'c 

(psi)
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Figure 3. Gridform cross-section showing panel overlap at the splice. 

 

Installation of the FRP reinforcement sections, not including the concrete 
pour, was completed in 4 hours by a three-person crew and a crane opera-
tor. The sections used in this project were light enough to be manipulated 
into place by hand (Figure 7), once they were positioned by the crane. The 
labor savings attributable to the section’s light weight is a major advantage 
during installation of this technology. The construction contractor esti-
mated that deck construction time was reduced by at least 80% on this 
span. More rapid installation of the panels allowed much faster placement 
of the concrete, saving further time and labor. The Bridge No. 4 contrac-
tors estimated that the reduced manpower requirement and speed of in-
stallation led to a 75% reduction in total labor costs for this deck, 
compared to the adjacent steel reinforced concrete deck documented in 
the companion demonstration report, ERDC/CERL TR-16-22 (Sweeney et 
al. 2016). The finished bridge deck is shown in Figure 12. 
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Figure 4. Crane lift of FRP reinforcement panels.  

 

Figure 5. Placing FRP reinforcement panels by crane. 
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Figure 6. Guiding the FRP reinforcement panel installation. 

 

Figure 7. Manipulating the FRP reinforcement panels by hand.  
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Figure 8. Fastening the bottom layer of FRP I-bars to the steel beam using FRP blocks 
and stainless steel bolts, shown from above. 

 

Figure 9. Fastening the FRP reinforcement panels to the top flange of the steel beam, 
using FRP blocks and stainless steel bolts (shown from below).  

 



ERDC/CERL TR-16-21  11 

Figure 10. Concrete pouring and vibrating.  

 

Figure 11. Spreading of concrete over the FRP reinforcement. 
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Figure 12. Finished bridge deck with the Gridform section in the foreground, and the 
conventional deck in the background (break is at the guardrail gap). 

 

2.3 Commissioning and monitoring 

The Fort Knox DPW contractor, All Cities Enterprises, completed the con-
struction of Bridge No. 4, but monitoring could not begin until after the 
approaches and guard rails were complete. MEC monitored the bridge for 
one year. The evaluation of the FRP reinforcement was accomplished by 
conducting two load tests on Bridge No. 4. Construction of Bridge No. 4, 
including the deck using the FRP reinforcement, was finished in October 
2012, but the guard rails and approaches were not finished until December 
2012. Only at that time could the initial load test be scheduled and con-
ducted. The final load test was conducted in December 2013. This evalua-
tion was to assess the performance of the FRP reinforcement and to verify 
the bridge meets design load requirements. The load tests were performed 
by Bridge Diagnostics, Inc. of Boulder, Colorado. Details of the monitoring 
and testing are available in the subcontractor’s report, ERDC/CERL CR-
16-4 (Commander and Carpenter 2016). 

An evaluation of the corrosion potential of the site was done with the use 
of a weather station, corrosion sensors embedded in the concrete deck, 
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and an atmospheric corrosion test rack. The weather station measured 
temperature, relative humidity, wind speed and direction, and rainfall. 
The weather station was powered by a solar panel and a rechargeable bat-
tery. A data logger was used to store the measurements which were rec-
orded every 12 hours by the rain gage and every 15 minutes for the 
remaining sensors.  

The corrosion sensors were installed in the bridge deck to measure chlo-
ride penetration, corrosion potential and corrosion rate. Measurements 
from the sensors were taken quarterly for a 12-month period. The selected 
sensors were Rohback Cosasco 900 Concrete Multi-Depth Sensors, Borin 
Stelth 7 sensors, and Rohback Cosasco 800 LPR Corrosion Rate sensors. 
The positions of the sensors are given in Table 2 and Figure 13. 

Table 2. Corrosion sensor location key (see Figure 13 for location of sensors by span). 
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Figure 13. Corrosion sensor location plan view. 

 

The site was also visited quarterly, during which times weather station 
data was downloaded and readings were taking from the corrosion sen-
sors. At the 6-month and 12-month points, coupons were retrieved from 
the corrosion test rack and assessed by a laboratory. Establishment of the 
site corrosion potential will be used to evaluate the potential future perfor-
mance of the FRP reinforcement material. The corrosion potential of the 
site was determined using the combination of exposed atmospheric cou-
pons, collected weather data, and embedded corrosion sensors. The at-
mospheric coupon rack was built and tested in accordance with ASTM G1-
03, “Standard Practice for Preparing, Cleaning and Evaluating Corrosion 
Test Specimens.” Appendix B provides a summary of the data recorded for 
the corrosion potential and an interpretation of the results to form the site 
corrosion potential. 
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3 Discussion 

3.1 Results 

3.1.1 Site corrosion potential 

A summary of the results and classification from ISO 9223:2012 are listed 
in Table 3–Table 6.  

The results from the ISO 9223:2012 analysis of weather data and mass loss 
testing suggest the Fort Knox Bridge No. 4 site is a C3 classification of at-
mospheric corrosion severity. Although the steel coupon testing resulted 
in a C2 classification, the results were on the upper limit of the category. 
The potential for atmospheric corrosion at the site is considered medium. 
The embedded corrosion sensors show no corrosion in the bridge deck 
over the 12 months of monitoring. Road salts are reportedly used on this 
bridge, given its location at the base if a steep hill. It make take more than 
a year for the chlorides to penetrate into the new concrete.  

Copper experienced a high mass loss in comparison to the other metals in 
both the 6-month and 12-month tests (Table 4 and Table 5). Results from 
the 12-month testing suggest that the 2024 and 7075 aluminum alloys ex-
perienced an extremely high mass loss due to corrosion. These results are 
inconsistent with the other alloys and the results from the weather data 
analysis; therefore, the mass loss test from the 12-month 7075 and 2024 
coupon have been omitted from the atmospheric corrosion severity classi-
fication of the site (Table 6).  

Table 3. Summary of weather data collected December 2012 - December 2013. 

 Wind Direction, ø Wind Speed, mph Gust Speed, mph Temp, °F RH, % 
Average 192 0.25 2.5 56 83 
Std Deviation 100 0.91 3.6 18 18.9 

 
Table 4. Summary of results from the 6-month ASTM G1 mass loss test and corrosion 

classification per ISO 9223:2012. 

 

1010 Steel CDA101 Al6061-T6 Al2024-T3 Al7075-T6
Weight loss [g] 0.104 0.417 0.005 0.003 0.005
Rcorr [g/m2y] 37.71 151.66 1.95 0.94 1.74
Classifiction C2 (Low) CX (Extreme) C3 (Med) C3 (Med) C3 (Med)
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Table 5. Summary of results from the 12-month ASTM G1 mass loss test and 
corrosion classification per ISO 9223:2012. 

 

Table 6. Atmospheric corrosion severity classification from weather data and ISO 
9223:2012 response equation calculations. 

 

3.1.2 Load testing 

Load tests were accomplished as part of a concurrent OSD demonstration 
of the longitudinal structural beams. Specific details and results of the 
tests are discussed in the related contractor’s report, published as 
ERDC/CERL CR-16-4 (Commander and Carpenter 2016). The load testing 
did not evaluate the deck, but both decks were subjected to the same loads 
by a Heavy Equipment Transport Semitrailer (HETS) that was hauling an 
M1A1 Abrams tank. Neither deck showed any visual signs of failure from 
the load tests. The FRP reinforcement panels met or exceeded manufac-
turer’s design load ratings and performed similarly to the reinforced-con-
crete deck on the adjacent span. By achieving this level of performance, 
the bridge can be used for its intended purpose at the design loads without 
any modification or load-limit reductions. 

3.1.3 Installation methods 

Field experience verified that use of this composite grid reinforcing system 
in a concrete bridge deck improved ease of installation and reduced labor 
requirements, as anticipated. The Gridform sections used in this project 
were light enough to be adjusted into place by hand once they were placed 
into their approximate positions by crane, eliminating the need for ex-
tended or multiple crane lifts. As estimated by the Bridge No. 4 contractor, 
these benefits reduced the construction time for the deck by approximately 
80%, with a pursuant total 75% reduction in labor costs as compared to 
work performed on the adjacent steel-reinforced concrete deck that is doc-
umented in ERDC/CERL TR-16-22 (Sweeney et al. 2016).  

1010 Steel CDA101 Al6061-T6 Al2024-T3 Al7075-T6
Weight loss [g] 0.984 0.143 0.006 0.294 0.192
Rcorr [g/m2y] 178.9 25.91 1.05 53.36 34.96
Classifiction C2 (Low) C5 (Very High) C3 (Med) CX (Extreme) CX (Extreme)

Steel copper aluminum zinc
Rcorr [um/y] 9.67 0.88 0.04 0.54
Classifiction C2 (Low) C3 (Med) - C2 (Low)
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3.2 Lessons learned 

Even though the Gridform product is a novel emerging technology, the 
project team and contractors encountered no problems or unusual field-
work requirements during project execution. The ease of installation 
claimed by the manufacturer was validated in this work through a side-by-
side comparison with work required for installing a standard steel-rein-
forced concrete deck on the other span of Bridge No. 4, as part of the com-
panion CPC-funded demonstration of HCBs as covered in ERDC/CERL 
TR-16-22 (Sweeney et al. 2016).  
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4 Economic Summary 

4.1 Costs and assumptions 

Although formal documentation of contractor productivity statistics were 
specified as a deliverable product of this work, ERDC-CERL was unable to 
obtain detailed written records through the prime contractor for this 
demonstration. However, as reported in section 3.1.3, field observations 
and discussions with the construction subcontractor indicated that con-
struction of the bridge deck using the Gridform system resulted in a 75% 
reduction in total labor cost to install, compared to conventional steel rein-
forcing. Consequently, some of the assumptions and costs developed in the 
original project management plan (PMP) have been changed, but are 
noted in text that follows. Actual project costs for conducting the demon-
stration and evaluation project are listed in Table 7 and Table 8.  

Table 7. Breakdown of total project costs. 

Description Amount, $K 
Labor 47.6 
Support from Fort Knox for bridge construction 305.0 
Cost for Gridforms 100.0 
Cost for Chloride Sensors 10.5 
Contract for monitoring and testing 101.9 
Travel 25.0 
Reporting 20.0 
Air Force and Navy participation  
Total 610.0 

 
Table 8. Project field demonstration costs. 

Item Description Amount, $K 
1 Labor for project management and execution 49.2 
2 Travel for project management 11.8 
3 Cost for materials 5.2 
4 Cost for corrosion analysis  7.6 
5 Cost for load tests 28.1 
 Total 101.9 

 
Costs for the return on investment (ROI) computation are based on the as-
sumption that 30 bridge decks on Army installations will be repaired in 
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Year 2, using this technology. These bridges currently have reinforced con-
crete bridge decks over steel girder substructures and an average span of 
approximately 60 feet. They are in various state of disrepair, with many 
needing deck replacements. This analysis considers 30 bridges having 60-
foot spans and 35-foot widths. Thus, each bridge would be figured at 2,100 
square feet (sf). Service life projection for FRP decks has been set at 75 
years (O’Connor 2003). The average service life of a reinforced concrete 
deck in locations where road salts are used is 25 years (Hastak, Halpin, 
and Hong 2004).  

The costs for replacement of an existing steel-reinforced concrete bridge 
deck include costs for disposal, construction, and traffic control incurred 
during construction. The following costs adjusted to 2008 dollars were 
used: disposal = $12.40/sf, construction = $42.00/sf, and traffic control = 
$24.00/sf. (The traffic control delay is 25 days based on discussion with 
Fort Knox DPW regarding normal deck replacement schedules.) 

The construction cost for an FRP composite bridge deck, adjusted to 2008 
constant dollars, is $61.55/sf. The original assumption was $77.30/sf, but 
the previous assumption is reduced here due to the observed labor cost re-
ductions. Disposal costs are the same as for the concrete bridge deck. Us-
ing a construction time reduced by two-thirds as compared to reinforced 
concrete construction, the traffic delay costs for FRP is $8.00/sf. 

The following preventive maintenance requirements can be expected for 
steel-reinforced concrete decks (in 2008 dollars) according to the Virginia 
Transportation Research Council: 

1. Joint sealing costs of $55 per linear foot can be expected to replace 
pourable joint sealant every 6 years. Maintenance costs for 30 bridges 
(assumed length of 60 ft each) total $99,000. 

2. Pothole repair costs of $150,000 for the first year after deck construc-
tion and escalating $10,000 a year until the bridge is replaced. 

Finally, a benefit has been added to the FRP option for avoidance of traffic 
control and delayed costs for the maintenance. For the pot hole fixing, 3 
days of traffic cost avoidance (equal to a savings of $2.88/sf) is saved for 
each bridge for the first year. This results in savings of $181,440 for the 
first year for 30 bridges, and the savings is escalated by $13,600 per year 
until the steel-reinforced concrete bridge deck is redone after 25 years. For 
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joint sealing costs, two days of traffic interruption is avoided at six-year in-
tervals, resulting in a savings of $120,960 for each bridge. 

4.2 Projected return on investment (ROI) 

Over 30 years, using the methods prescribed by Office of Management and 
Budget (OMB) Circular A-94 (OMB 1992) and the above revised assump-
tions, the projected ROI for this demonstration is 10.31 (Table 9). The 
original ROI in the PMP was projected at 10.55. 

Table 9. Project return on investment calculation. 

 

 

610

10.31 Percent 1031%

4,509 10,800 6,291

A B C D E F G H
Future 
Year Baseline Costs Baseline 

Benefits/Savings
New System 

Costs
New System 

Benefits/Savings
Present Value of 

Costs
Present Value of 

Savings
Total Present 

Value

1
2 4,939 5,163 4,509 4,314 -196
3 150 181 271 271
4 160 195 271 271
5 170 209 270 270
6 180 222 268 268
7 190 236 265 265
8 299 370 390 390
9 210 263 257 257

10 220 277 252 252
11 230 290 247 247
12 240 304 241 241
13 250 317 235 235
14 359 452 315 315
15 270 345 223 223
16 280 358 216 216
17 290 372 210 210
18 300 385 203 203
19 310 399 196 196
20 419 534 246 246
21 330 426 183 183
22 340 440 176 176
23 350 453 169 169
24 360 467 163 163
25 370 481 157 157
26 4,939 850 850
27 150 181 53 53
28 160 195 53 53
29 170 209 53 53
30 180 222 53 53

Net Present Value of Costs and Benefits/Savings

Return on Investment Ratio

Investment Required
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5 Conclusions and Recommendations 

5.1 Conclusions 

The 3D FRP reinforcement is a strong and lightweight alternative to tradi-
tional steel reinforcement for concrete bridge decks. Both the FRP compo-
site and the steel-reinforced deck did not show any signs of failure during 
the load testing that included loads from a Heavy Equipment Transport 
Semitrailer (HETS) that was hauling an M1A1 Abrams tank. 

The FRP composite reinforcement is not susceptible to the effects of corro-
sion induced by the presence of chlorides from road salts that can pene-
trate into the concrete deck and cause corrosion of standard steel 
reinforcement. 

Installation of the concrete bridge deck FRP reinforcement system is 
greatly facilitated by the lightweight nature of the panels. Large panels can 
be placed with a single lift of a crane and then maneuvered into position by 
hand. This advantage reduced the construction time for the Fort Knox 
bridge deck by approximately 80%. Quicker installation of the panels led 
to a much faster rate of placement for the concrete, saving additional time 
and labor. The construction subcontractor estimated that with the reduced 
need for manpower and the speed of installation, total deck construction 
labor costs were reduced by more than 75% for the deck when compared to 
the adjacent steel reinforced deck. The ROI ratio calculated for this tech-
nology over 30 years is 10.31. 

5.2 Recommendations 

5.2.1 Applicability 

As the DoD continues to replace aging bridges and construct new road-
ways, FRP reinforcement provides a corrosion-resistant technology that 
extends the life cycle of the structure, reduces maintenance costs, and im-
proves the logistics of construction while maintaining performance stand-
ards.  

The benefits expressed in the above paragraph make the FRP reinforce-
ment panel decks a good choice for any bridge in the DoD inventory. In 
addition, this technology’s benefits would be especially appropriate for 
bridges in highly corrosive environments such as those were road salts are 
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routinely used or salt spray is present. It would also be especially appropri-
ate for high-traffic bridges, bridges in difficult-to-reach locations, and crit-
ical-path bridges.  

5.2.2 Implementation 

Per Unified Facilities Criteria (UFC) 3-301-01, “Structural Engineering,” 
the design of highway bridges shall be in accordance with AASHTO bridge 
design specifications (AASHTO 2007). There is an AASHTO specification 
for “LRFD 1 Bridge Design Guide Specifications for GFRP-Reinforced Con-
crete Bridge Decks and Traffic Railings” (AASHTO 2009); however, this 
specification does not specifically cover the Gridform design, which is a 
proprietary modification of a conventional rebar system design.  

The manufacturer of the Gridform system, Strongwell Corporation, has 
developed a software program and a design manual specifically for their 
system (Bank, Oliva, and Brunton 2011). The program was developed us-
ing code from the following specifications: (1) AASHTO “LRFD Bridge De-
sign Specifications (2007); (2) “LRFD Bridge Design Guide Specifications 
for GFRP-Reinforced Concrete Bridge Decks and Traffic Railings” 
(AASHTO 2009); and (3) “Guide for the Design and Construction of Struc-
tural Concrete Reinforced with FRP Bars, ACI 440.1R-06 (ACI 2006). 

Use of the manufacturer’s software and design manual (Bank, Oliva, and 
Brunton 2011) will enable safe and reliable use of the Gridform reinforcing 
system for replacing concrete bridge decks in locations with highly corro-
sive environments (e.g., coastal sites or where road deicing salts are used 
extensively) such as Bridge No. 4 at Fort Knox.  

There also is currently no guidance in any UFC or Unified Facilities Guide 
Specification (UFGS) documents with regard to FRP composite bridge 
decks. Under an FY15-funded project, “Composites for Bridge Applica-
tions,” ERDC-CERL is currently developing a new UFC for the use of FRP 
composites in bridge structures. FRP composite reinforcing elements, such 
as the Gridform system for bridge decks, will be included in this new guid-
ance. Publication of this new UFC is expected in 2017. This guidance 

                                                                 

1 LRFD stands for “Load and Resistance Factor Design.” 
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should facilitate wider use of FRP composites for bridge applications in 
advance of future AASHTO guidance. 
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Appendix A: Engineering Drawings for Bridge 
No. 4, Fort Knox, Kentucky 

Appendix A contains the engineer design and specification drawings as 
prepared by Bridge Diagnostics, Inc. for both of the demonstrated and 
evaluated spans of Bridge No. 4 at Fort Knox, Kentucky. 

Bridge Diagnostics, Inc. did not produce separate drawings for each span; 
therefore, all the drawings are included in Appendix A, covering both the 
composite grid reinforcement system span (this report) and the hybrid 
composite bridge beams span (ERDC/CERL TR-16-22). 

 



 
ER

D
C/C

ER
L TR

-16-21 
 

 
28 

Figure A1. General structural and bridge notes for Bridge No. 4, Fort Knox. 

 
 



 
ER

D
C/C

ER
L TR

-16-21 
 

 
29 

Figure A2.  Engineer drawing details for Span 1 and Span 2 of Bridge No. 4 at Fort Knox. 
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Figure A3.  Engineer drawing for Abutment 1 on Bridge No. 4, Fort Knox. 
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Figure A4.  Engineer drawing for Abutment 2 on Bridge No. 4, Fort Knox. 
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Figure A5. Engineer drawing for bridge pier on Bridge No. 4, Fort Knox. 
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Figure A6.  Engineer drawings for various design components on both spans of Bridge No. 4 at Fort Knox. 
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Figure A7.  Engineer drawing for deck plans for both spans of Bridge No. 4 at Fort Knox. 
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Figure A8.  Engineer drawing for edge details and guardrail connections for both spans of Bridge No. 4 at Fort Knox. 
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Appendix B: Corrosion Potential Assessment 
for Bridge No. 4, Fort Knox, Kentucky 

Classification method 

A corrosion severity classification for the Bridge No. 4 site at Fort Knox 
was developed for use in evaluating the materials used in this project. This 
was accomplished at the site through placement of a portable weather sta-
tion (collecting weather data for one year), an atmospheric corrosion test 
rack, (equipped with sensors to monitor corrosion and chlorides were in-
serted in the bridge deck), and quarterly site visits (performed visual in-
spections). 

Monitoring 

Weather station 

A weather station was installed to measure and record environmental 
characteristics throughout the exposure period as shown in Figure B1. The 
station measured temperature, relative humidity, wind speed and direc-
tion, and rainfall. The weather station was powered by a solar panel and a 
rechargeable battery. A data logger was used to store the measurements 
which were recorded every 12 hours by the rain gage and every 15 minutes 
for the remaining sensors. Data was downloaded manually during each 
quarterly inspection through the use of a laptop computer. The data logger 
has a storage capacity to continue storing data at 15-minute intervals for 
approximately 2.5 years. Upon reaching full capacity, the data logger will 
truncate the oldest data point to create room for new, incoming data.  



ERDC/CERL TR-16-21  37 

 

Figure B1. Weather station. 

 

Sensors 

Sensors were installed in the bridge deck to measure chloride penetration, 
corrosion potential, and corrosion rate (Figure B2). Measurements from 
the sensors were taken quarterly for a 12-month period.  

The Rohback Cosasco 900 Concrete Multi-Depth Sensor was utilized to ac-
complish the chloride measurements. Four sets of electrodes are spaced by 
1 in. intervals to provide four separate measurements at different depths 
from each sensor. The 900 sensors were mounted such that the first elec-
trode was 1 in. from the surface of the concrete. Two sensors were posi-
tioned in the span with the RFP reinforcement, and three sensors were 
positioned in the control span adjacent to it. The Rohback Cosasco Aqua-
mate was used to collect the corrosion rate measurements. 

The Borin Stelth 7 sensor was used to measure corrosion potential in the 
bridge deck. The Stelth 7 sensor is an IR-Free probe with a silver-silver 
chloride (Ag-AgCl) electrode. Corrosion potential sensors measure a volt-
age difference between the sensor electrode and reinforcement rebar; 
therefore six Stelth 7 sensors were installed only throughout the control 
span of the bridge. Two ground wires were installed for redundancy. Meas-
urements from each ground should theoretically be identical. An Extech 
540 multimeter was used to collect the corrosion potential measurements. 
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Rohback Cosasco 800 LPR Corrosion Rate sensors were used to measure 
the instantaneous corrosion rate of reinforcing steel in concrete by the 
method of Linear Polarization Resistance (LPR). The electrodes of the LPR 
probe are manufactured using carbon steel. The LPR sensor utilizes the so-
lution resistance compensation (SRC) method which makes a separate 
measurement and correction for the effect of the resistivity of the concrete 
and eliminates the need for a third electrode that is typically used in LPR 
sensors. Five LPR sensors were positioned throughout the control span of 
the bridge. The Rohback Cosasco Aquamate was used to collect the imbal-
ance (Imb) measurements. 

Sensor types and locations are in BDI’s full report, contained in 
ERDC/CERL CR-16-4 (Commander and Carpenter 2016). 

Coupons to simulate chloride penetration 

A concrete coupon was formed in a 5-gallon bucket to provide a method to 
simulate chloride penetration. The bucket was filled approximately half-
way with a concrete mix including one cup of sodium chloride. A corrosion 
ladder was situated in the form such that the chloride enriched concrete 
covered the first two set of electrodes of the chloride sensor. A corrater was 
also submerged in the concrete. The concrete was provided 24 hours to 
cure before filling the rest of the form with standard concrete. Figure B2 
shows the chloride-enriched concrete covering the corrater and half of the 
chloride ladder sensor. Figure B3 shows the cured concrete coupon. Meas-
urements were collected during the quarterly inspections. 

Figure B2. Coupon preparation. 
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Figure B3. Finished coupon. 

 

An atmospheric coupon rack to determine the relative corrosivity of the 
site was installed facing 90 degrees from vertical at the bridge site (Figure 
B4). The corrosion coupons included silver, copper, 1010 steel, and three 
aluminum alloys (2024 T3, 6061 T6, and 7075 T6).The coupons measured 
1 in. wide by 4 in. long by 1/16 in. thick. These coupons were collected after 
6 months and 12 months of exposure. The mass of each coupon was rec-
orded before being exposed to the test environment. The silver coupon was 
tested for chlorides in accordance with ASTM B825. The remaining cou-
pons were analyzed for mass loss in accordance with ASTM G1-03. 
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Figure B4. Atmospheric corrosion test rack.  

 

Assessments for weather, sensors, and corrosion coupon rack 

Weather assessment 

The weather data was analyzed using response functions from the ISO 
9223:2012 Corrosion of Metal and Alloys – Corrosivity of Atmospheres – 
Classification, Determination and Estimation. SO2 measurements were not 
collected; however due to the location of Bridge No. 4, it was assumed that 
deposition of SO2 would be equal to zero milligrams per square meter, per 
day. The amount of Cl deposition was calculated from the ASTM B825, 
“Standard Test Method for Coulometric Reduction of Surface Films on 
Metallic Test” for the silver mass-loss coupon. The equations used are 
shown in Figure B6. Corrosion classifications per ISO 9223:2012 are 
shown in Table B1. 
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Figure B6. ISO 9223:2012 response equations for four standard metals. 
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Table B1. Corrosion rates, rcorr, for the first year of exposure  
for the different corrosivity categories.  
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Table B2. Description of typical atmospheric environments related to the estimation 
of corrosivity categories. 

 
Section 3.1.1 of this report contains a summary of selected weather data 
collected from December 2012–December 2013 (Table 1), and the results 
from the response equation calculations (Table 4). 

Sensor corrosion assessment 

Data from sensors installed on the bridge were collected after 1, 4, 7, 10, 
and 13 months (Tables B3–B7). The zero, Corr, and Imb values at the bot-
tom of each table represent instrument calibration check readings for a 
dummy probe provided by the CORRATER instrument manufacturer. The 
check values (5±1 mpy [mils per year; 1 mpy = 0.001 in. per year] for cor-
rosion rate and 0±1 for imbalance) indicated that the instrument was func-
tioning properly. 

The CORRATER LPR probes at locations 1, 2, 3, and 5 all indicated very 
general and low general corrosion rates, ranging from 0–0.03 mpy. The 
imbalance readings (qualitatively indicative of pitting tendency) ranged 
from 0–0.02. Both of these sets of data indicate very low corrosion activity 
over the 13-month test period. This is not surprising because the corrosion 
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rate of steel in highly alkaline, uncontaminated concrete (pH ~ 13) is negli-
gible due to the formation of a complex passive film (mixture of α and γ 
iron-oxide and magnetite). With sufficient concrete cover over the steel re-
bar and less severe corrosive environments, it can take more than a decade 
for corrosion rates to increase appreciably. The CORRATER probe at loca-
tion number 4 indicated erratic corrosion rates; for example, ranging from 
"off scale" at 1 month, increasing to 13.8 mpy at 4 months, accelerating to 
48.9 mpy at 7 months, then decreasing dramatically to 0.49 mpy at 10 
months, and finally off scale again at 13 months. The imbalance readings 
were 0.39, 0.65, 0.48, 0.36, and 0.91, respectively. The imbalance readings 
were all lower than the corresponding general corrosion rates; thus, quali-
tatively indicating low pitting tendency. The check readings all indicated 
that the Aquamate CORRATER instrument was functioning properly. The 
results for the artificially-contaminated concrete block “salt coupon” are 
shown graphically in Figure 4. It is apparent that some corrosion activity 
was indicated at 4 months with an increase in pitting tendency at 7 and 10 
months and a decrease at 13 months. Although the general corrosion rate 
appears to be increasing steadily, the actual rates (e.g., 0.04 mpy) are neg-
ligible. 

For the chloride-ladders, the corrosion rates varied from 0–0.04 mpy and 
the imbalance readings from 0 to 0.07. The chloride-ladder at location 4 
appeared to show the most activity. Although the imbalance readings were 
greater than the corrosion rates, all of the values were very small, indicat-
ing low corrosion activity. Similarly, the galvanic current measurements 
related to chloride ingress also indicated no significant penetration. The 
artificially-contaminated concrete block salt coupon exhibited the most ac-
tivity at 1 and 4 months but this decreased dramatically at 7, 10, and 13 
months, possibly due to a drying out effect. 
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Table B3. Sensor data after 1 month. 

 



ERDC/CERL TR-16-21  46 

 

Table B4. Sensor data after 4 months. 
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Table B5. Sensor data after 7 months. 
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Table B6. Sensor data after 10 months. 
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Table B7. Sensor data after 13 months. 

 

 

The reference electrodes each had two, built-in steel coupons. Figure B7 
shows the potentials of these coupons versus time for the six test locations. 
Again the noble potentials (e.g., around -0.100 mV vs. Ag/AgCl/Sat KCl) 
are qualitatively indicators of steel that is likely in a passive condition, 
while active potentials (e.g., more negative than say, -0.250 mV vs. 
Ag/AgCl/sat KCl) indicate higher probability of corrosion activity. The po-
tentials and trends indicated by the reference electrode built-in coupons 
did not exactly match the actual steel rebar measured potentials. 

Figure B8 represents a plot of the potentials of the rebar (versus 
Ag/AgCl/sat. KCl reference electrodes) in the steel-reinforced section of 
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the bridge at the six test locations. The initial noble potential values would 
suggest the passive condition of steel rebar in the highly alkaline (pH ~ 13) 
concrete environment. There was a general potential shift towards more 
active values over 10 months, and then a drift toward more noble poten-
tials at 13 months. While active potentials typically suggest increased cor-
rosion activity (i.e., possible loss of passivity at the corresponding areas), 
the actual corrosion rates indicated by the CORRATER LPR probes were 
low in all cases except at location 4, where rates appeared to increase and 
then decrease very dramatically. 

The corrosion potentials measured with respect to the reference electrodes 
indicated corrosion activity ranging from passive to active behavior. How-
ever, very low corrosion rates were indicated by the corrosion rate sensors, 
typically less than 0.1 mpy and with very low pitting propensity. The pri-
mary reason for this observation is that insufficient chloride has migrated 
through the concrete bridge deck to stimulate detectable corrosion attack 
during the 13-month study. This is not surprising because it takes many 
years, and often, decades, for a significant amount of chloride to permeate 
through good quality concrete; a thicker concrete cover also impedes chlo-
ride migration. (See Figures B7 and B8). 

The concrete test block salt coupon artificially contaminated with chloride 
indicated generally greater corrosion activity at 1 and 4 months compared 
to the bridge deck. However, this activity diminished at 7, 10, and 13 
months, probably due to drying out of the test block. (Figure B9). 

Corrosion will eventually be detected when enough chloride has reached 
the sensors embedded in the bridge deck concrete. The greater the 
amounts and frequency of deicing road salt usage, the shorter the chloride 
permeation time leading to significant corrosion. Even then, it could take 
many years. Therefore, it is recommended that monitoring of the corro-
sion sensors embedded in the concrete bridge deck at Fort Knox be contin-
ued (for example every 5 years), to confirm their veracity. 
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Figure B7. Coupon potentials vs. time at the six test locations  
on the steel-reinforced section of the bridge. 

 

Figure B8. Rebar potential vs. time at the six test locations  
on the steel-reinforced section of the bridge. 
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Figure B9. Corrosion rate and imbalance readings vs. time for CORRATER probe in 
artificially-contaminated concrete block "salt coupon." 

 

 

Corrosion coupon rack assessment 

The atmospheric corrosion coupon rack placed at the site had coupons re-
moved at 6 and 12 months. These coupons were sent to a certified lab and 
mass loss was measured per ASTM G1-03 on the AL 6061 T6, AL 2024 T3, 
AL 7075 T6, C 1010, and CDA 101. The silver test coupon had Coulometric 
Reduction of Surface Films done per ASTM B 825-13. These test results 
are included as Attachments 1 and 2 at the end of this appendix. A sum-
mary of the results and classification according to the categories listed in 
Table 2 from ISO 9223:2012 are shown in Table 2 and Table 3 in Section 
3.1.1 of this report. The copper experienced a high mass loss in comparison 
to the other metals. The results from the 12-month testing suggest that the 
2024 and 7075 aluminum alloys experienced an extremely high mass loss 
due to corrosion. These results are inconsistent with the other alloys and 
the results from the weather data analysis; therefore, the mass loss test 
from the 12 month 7075 and 2024 coupon have been omitted from the at-
mospheric corrosion severity classification of the site. 

Corrosion severity site classification 

The results from the ISO 9223:2012 analysis of weather data and mass loss 
testing suggest the Fort Knox Bridge No. 4 site is a C3 classification of at-
mospheric corrosion severity. Although the steel coupon testing resulted 
in a C2 classification, the results were on the upper limit of the category. 
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The potential for corrosion at the site is considered medium. The corrosion 
sensors show no corrosion in the bridge and validate this classification as 
being much less than severe. 
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Attachment 1 
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Attachment 2  
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